In this work, we performed DNA microarray studies on lager brewer's yeast Saccharomyces pastorianus to investigate changes in gene expression in the process of autolysis. The two strains we used were Qing2 and 5-2. Strain 5-2 is a mutant of Qing2 and autolyzes much more slowly than its parent strain. Four samples of these two strains during different autolysis stages (0% and 15%) were tested using DNA microarray containing > 10 000 yeast's genes. Analysis of genes with the same transcription pattern (up-or down-regulated in both strains) showed that the same 99 genes were up-regulated (transcription levels were increased), and the same 97 genes were down-regulated (transcription levels were decreased) by fivefold or more during autolysis. Genes involved in energy production/utilization, protein anabolism, and stress response were downregulated. Genes related to cell wall organization and biogenesis, starvation response and DNA damage response were up-regulated. Analysis of genes with opposite transcription patterns (up-regulated in one strain and down-regulated in the other one) showed that 246 genes were up-regulated in 5-2 (autolyzes slowly) and down-regulated in Qing2 (autolyzes rapidly). Another 18 genes had opposite transcription levels, indicating that the strain which autolyzes slowly had better cell vitality despite the same autolysis stage. These findings might further promote the global understanding of autolysis in yeast.
Introduction
Yeast autolysis, arising at the end of the stationary growth phase, is an irreversible process caused by intracellular enzymes (Babayan et al., 1981; Koll ar et al., 1993) . Autolysis is not the same as cell death because it may occur while the yeast cells are still alive in beer fermentation, although cell constituents are released to the surroundings. Autolysis of wine yeasts contributes to the sensory evaluation of wine with the release of flavor compounds and foaming agents (Martinez-Rodriguez et al., 2001; Alexandre & GuillouxBenatier, 2006; Cavagna et al., 2010) . However, the autolysis of brewer's yeast leaves unpleasant flavors such as a yeasty smell, bitterness and astringency in beer. During beer fermentation, autolysis may occur when lager brewer's yeast (Saccharomyces pastorianus) is in low vitality or manipulated inappropriately. It has been reported that beer quality seriously deteriorates when 5% of the yeasts undergo autolysis (Gao, 2009) . Autolysis is a complex process involving an overall reaction of the cell. As cells rapidly lose the viability to accelerate autolysis during sparkling wine production, genes whose mutation leads to reduced viability, such as BCY1, ARD1, UBI4, SLK1, ILS1, YPT1, GIS1, and RVS16, are thought to contribute to autolytic phenotypes of Saccharomyces cerevisiae (Tabera et al., 2006) . Also, genes related to cell integrity and sensitivity are considered to be related to yeast autolysis (Martin et al., 1993; Alexandar et al., 2004) . So far, however, the gene expression changes and molecular regulation of autolysis in lager brewer's yeast are not clear.
DNA microarray enables the rapid, quantitative, and inclusive correlation of the yeast transcriptome to environmental parameters and genetic interventions (DeRisi et al., 1997; Oud et al., 2012) . It is also a powerful tool for comparative analysis (Xue et al., 2004; Hirasawa et al., 2006; Chattopadhyay et al., 2009 ). In addition, various algorithms and computational tools have been developed to analyze microarray data that show a transcriptional up-or down-regulation in a given context. The results also allow many aspects of yeast to be understood and explored, such as underlying strain origins, evolution and distances, the cellular states during specific cultivation and fermentation stages, the contribution of novel target genes to improve productivity, and important phenotyping genes to the host cells Oud et al., 2012) . Microarray studies of lager brewer's yeast have mainly focused on the examination of gene copy number (Bond et al., 2004) , genome origins and evolution (Dunn & Sherlock, 2008) , genetic distances (Erny et al., 2012) , genome composition (Peris et al., 2012) , gene expression analysis during fermentation (James et al., 2002 (James et al., , 2003 Blieck et al., 2007; Kobayashi et al., 2007; Yoshida et al., 2007) , transcriptional response during brewing and propagation (Gibson et al., 2008a, b) , functional analysis and transcriptional regulation of specific genes (Bolat et al., 2013) , and orthologous gene expression analysis (Minato et al., 2009; Horinouchi et al., 2010) . As far as we know, no one has reported on DNA microarray studies on autolysis of lager brewer's yeast. Genome DNA sequences of the typical lager brewer's yeast Weihenstephan 34/70 were first described by genome sequencing and assembly in 2009 (Nakao et al., 2009) . Before that, DNA microarray studies were mainly implemented by the hybridization to genes of S. cerevisiae, a parent strain of lager brewer's yeast. Even after genome sequences of one lager brewer's yeast were accomplished, this hybridization method continues to be used because of reasons described by Kobayashi et al. (2007) .
In this work, we performed a DNA microarray to investigate gene expression changes in the autolytic process of lager brewer's yeast S. pastorianus. The industrial strains Qing2 and its mutant 5-2 were chosen for analyses due to their different autolysis rates (5-2 autolyzes more slowly than Qing2). Two different autolysis stages (0% and 15%) were also selected. Analysis of genes with the same transcription pattern could show some general characteristics of autolysis in spite of different strains, and analysis of genes with opposite transcription patterns could reveal differences of strains with different autolysis performance. By characterizing the changes in gene expression that take place during autolytic process, we want to have a global understanding of the autolytic process, especially the cellular status and cell response of yeast cells, and the genetic circuitry that regulates this program. Genes involved in energy, cell resistance, and cell integrity were another major concern. We also want to know the similarities and differences of different strains and different autolysis stages, which may be helpful in both theoretical studies and the brewing industry.
Materials and methods

Strains and growth conditions
The lager brewer's yeasts Qing2 and 5-2 were chosen due to their different autolysis performance. 5-2 is considered to have better autolysis performance because it takes about three times as long to reach the same autolysis stage compared with its parent strain Qing2. Yeast strains were routinely cultured in synthetic beer media (SBM, pH 5.5, containing 4% maltose, 1.5% sucrose, 1% dextrin, 1% glucose, 0.5% fructose, 2.94% balanced peptone, and 1.7% yeast nitrogen base without amino acids) at 11°C without shaking to stationary growth phase (Berner & Arneborg, 2011) . After fresh SBM was added to adjust OD 600 nm to exactly 1.0, the flasks were incubated at 11°C to latestationary growth phase (autolysis stage = 0%). Then yeast cells gradually began to autolyze. The morphology of autolytic cells was reported in our previous work (Xu et al., 2013) .
RNA preparation and microarray experiment
Cells of Qing2 and 5-2 cultured in SBM medium were collected by centrifugation (3000 g) and washed twice with cold ddH 2 O when the autolysis stages were either 0% or 15% in both strains (Xu et al., 2013) . Total RNA was isolated using the Yeast RNAiso kit (Takara Biotechnology, Dalian, China) following the manufacturer's instructions. The RNA samples were further purified by RNase-free DNase (TaKaRa) to remove potential genomic DNA contamination. The quality and quantity of purified RNA were determined by measuring A 260 nm , A 280 nm and formaldehyde agarose gel electrophoresis. Total RNA samples with the ratio of A 260 nm /A 280 nm ≥ 1.80 were considered to be of high purity. 28S rRNA gene : 18S rRNA gene > 1 : 1 were also checked for good RNA integrity.
An 
Microarray data analysis
The scanned images were analyzed to generate CEL files by Affymetrix â GENECHIP â COMMAND CONSOLE â 3.2 (AGCC)
Software. Gene probes which were expressed in none of the samples were thought absent and were not considered for further analysis. Then the data were preprocessed by the robust multi-array average (RMA) algorithm (Irizarry et al., 2003) and further summarized by the Affymetrix MICROARRAY SUITE 5.0 (MAS5). Background noise was subtracted by 'detection above background (DABG)' algorithm, and only transcriptional levels which were 1.25 times over background were considered valid data and were normalized. Normalization was performed by 'quantile normalization' algorithm. As for the comparison analysis, fold change ≥ 2 or ≤ 0.5 was set as cutoff values for differentially expressed genes. Two comparisons were considered relevant to this work, respectively Qing2 (15%)/Qing2 (0%) and 5-2 (15%)/5-2 (0% 
Results
General gene expression analysis of lager brewer's yeast A total of 10 715 gene probes were detected and another 157 ones were considered absent in all the DNA microarrays. When comparing 15% vs. 0% autolysis, 2038 genes were transcriptionally down-regulated (≤ 0.5-fold) and 1552 genes transcriptionally up-regulated (≥ 2-fold) in the strain Qing2, accounting for 19.02% and 14.48% of all the probes (Fig. 1a) , respectively. For strain 5-2, 12.21% of the genes (1308 ones) showed lower expression levels (≤ 0.5-fold) and 18.25% (1956 ones) showed higher expression levels (≥ 2-fold; Fig. 1b ). Although these two strains had conversed compositions of induced and suppressed genes, the total regulated genes were about one-third of the genes, and the other two-thirds were stable (0.5 < fold < 2) in both strains, either with high or low autolysis activities. It suggested that large-scale changes of gene expression had taken place in the autolysis process. Slight changes in mRNA levels were not always accompanied by corresponding changes in the protein levels (Karhumaa et al., 2009) . Therefore, to get rid of these interferences, only the genes which were either up-or down-regulated for more than 5-fold (≥ 5-fold or ≤ 0.2-fold) were used for further analysis.
Genes with similar expression patterns in Qing2 and 5-2 strains in the process of autolysis Ultimately, 196 genes had similar expression patterns in strains Qing2 and 5-2. They were either up-regulated (≥ 5-fold) or down-regulated (≤ 0.2-fold) in both strains (listed in Supporting Information, Table S1 ). The listed genes in Table S1 were then introduced into the MAS software according to criteria described in Materials and Methods and were classified by GO. Results are shown in Fig. 2 Fig. 1 . Gene probes detected in the DNA microarrays in the process of autolysis for lager brewer's yeasts. Genes who were induced for more than twofold were named up-regulated genes, and those who were suppressed for < 0.5-fold were named down-regulated genes. Others were stable genes, (a) for the strain Qing2 and (b) for the strain 5-2.
(fold = 69.93, involved in amino acids metabolism), DAL80 (fold = 44.44, involved in multiple nitrogen degradation), ICS2 (fold = 26.11, function unknown), PDR12 (fold = 20.62, involved in organic acid transport), and ASG1 (fold = 17.30, involved in activating of stress genes). The five genes with the lowest down-regulated level were MGA1 (fold = 0.05, involved in stress response), OPT2 (fold = 0.05, involved in oligopeptide transport), MSF1 (fold = 0.06, involved in protein synthesis, targeting, sorting, and translocation), SLS1 (fold = 0.06, involved in protein processing in endoplasmic reticulum), and FIT2 (fold = 0.06, involved in the retention of siderophore-iron in the cell wall; Table S1 ). These changes in gene expression levels may reflect some common characteristics of autolysis. In this process, most anabolism, for example, protein synthesis, was suppressed, and catabolism was induced. Some genes may be covered by more than one GO term and they were taken into account several times. As a result, the induced genes were counted 287 times using GO terms, and suppressed genes 194 times (Fig. 2a) . From the bar diagram in Fig. 2a and pie charts in Fig. 2b and c, it could be seen that most of the regulated genes (72.03% for up-regulated genes and 68.37% for down-regulated genes) were related to basic cell components and functions, such as cellular process (cell growth and/or maintenance), physiological process (especially unknown biological process), metabolism (metabolic process resulting in cell growth, including anabolism and catabolism), cell components (basic structural and functional unit of all organisms, including the plasma membrane, cell wall and cell envelope), and biological regulation (regulation of biological process, biological quality or molecular function). The GO terms mentioned above contained more induced genes than suppressed ones, and only few terms involved obviously more suppressed genes than induced ones, for example, catalytic activity, due to the low vitality of most enzymes. Also, eight induced genes and twelve suppressed genes were involved in the establishment and maintenance of cell localization. These 196 genes were concerned with hundreds of subcategories of the GO terms, and a large number of them were involved in energy production or utilization, cell wall, and the response to stimulus. Regulated genes contributing to energy production/ utilization are listed in Table 1 ; these genes were related to electron transport and membrane-associated energy conservation, pentose-phosphate pathway, glycolysis and gluconeogenesis, oxidation of fatty acids, metabolism of energy reserves, fermentation, and respiration (Odani et al., 2003) . Among these 20 genes, 18 were suppressed, and only ADH2 (fold = 12.92) and ARO10 (fold = 69.93) were induced. Many other energy-related genes were also down-regulated (0.2 < fold < 0.5, data not shown), showing an obvious trend of low energy production and utilization in the process of autolysis. ADH2, expressing alcohol dehydrogenase II, is an important gene in lager brewer's yeast, which is involved in glycolysis and gluconeogenesis, lipid metabolism, fatty acid metabolism, amino acid metabolism, and degradation of aromatic compounds. ARO10, the gene having the highest up-regulated level, catalyzes the first specific step in the Ehrlich pathway. It was reported that the transcript level of ARO10 showed a poor correlation with decarboxylase activities (Bolat et al., 2013) . Moreover, additional overexpression of ARO10 and ADH2 might cause the production of higher alcohols (Brat & Boles, 2013) . Table 2 , the genes related to cell wall organization and biogenesis (RLM1, and AVO1) were upregulated, whereas genes related to cell wall component (FIT2, SVS1, YPS6, and SSA2) were down-regulated. WSC2, DFG5, and KNH1 are involved in both 'cell wall organization and biogenesis' and 'cell wall component'; however, they had a different regulated level. WSC2 was down-regulated (fold = 0.18) whereas both DFG5 and KNH were up-regulated (fold = 5.81 and 5.16). WSC2, RLM1 and RPI1 are involved in maintenance of cell wall integrity in the Mpk1 mitogen-activated kinase (MAPK) signaling pathway, and their expression levels might affect the cells' heat shock sensitivity. AVO1, DFG5, and KNH1 contribute to the synthesis of cell wall skeleton, thus their induction could be conducive to cell wall remodeling. FIT2, SVS1, YPS6, and SSA2 encode mannoprotein or binding protein for cell wall. Their decreased expression was consistent with other anabolism.
As shown in
Twenty-five genes were found to be stimulus-related in these 196 genes (Table 3) , 12 down-regulated and the other 13 up-regulated. The 12 down-regulated genes were related to stress response (oxidative stress, salt stress, and osmotic stress), singlet oxygen, chemical stimulus and heat. The 13 up-regulated genes were related to the response to DNA damage stimulus, stress, pH and starvation. Of all up-regulated genes, seven genes were related to DNA damage response (NEJ1, PPH3, UFO1, RAD2, RAD16, RSC2, and RAD9), reflecting severe damage of DNA in the autolytic process. Moreover, their overexpressions also had important implications for the rapid DNA repair, as six genes (except for UFO1) were involved in this biological process. The negative regulator NRG1 was involved in the response to pH and chemical stimulus, and its up-regulation might be detrimental to these kinds of response. Meanwhile, the expression levels of PHM8, SSA3, CCH1, GRX6, and ASG1 were increased. PHM8 was up-regulated to resist the phosphate starvation and carbon starvation. SSA3 is not merely involved in stress response, but also concerned with protein processing, endocytosis, and spliceosome. CCH1, interacting and colocalizing with MID1, is partly responsible for Ca 2+ influx induced by several stimuli. Because of the low-expression level of MID1, CCH1 might play a negligible role in stress-response (Bodvard et al., 2013; Teng et al., 2013) . Expression of GRX6 could be modestly up-regulated by several stresses like calcium, sodium, and oxidative stresses, and the absence of Msn2/4 negatively affected the induction of GRX6 expression, since the GRX6 promoter does not contain stress response elements (STREs; Izquierdo et al., 2008) . ASG1 works as an activator of stress genes, and its 17.30-fold induction reflected that the stress genes were weakly functioning and that the yeast cell rescue and defense situation might not be Response to singlet oxygen positive in the autolytic process. In brief, because of the specific situation in autolytic process, the yeast cells showed activated response to DNA damage stimulus, pH, and starvation, but had a suppressed reaction to chemical stimulus, oxidative stress, salt stress, and osmotic stress. Notably, most of down-regulated genes were involved in mitochondrion organization and translation, protein complex biogenesis, cytoskeleton organization, cofactor metabolic process, etc., reflecting a slow growth and cellular division rate. However, 55.05% of the up-regulated genes were involved in biological processes of pseudohyphal growth, transcriptional control, transport, regulation of autophagy, etc. In all, 23.78% of the up-regulated genes served as a cellular component in nucleus, cytoplasm, membrane, mitochondrion, etc., and the rest of the up-regulated genes were for molecular function, such as protein binding, DNA/RNA binding, and transcription factor activity.
Genes which increased expression in 5-2 and decreased expression in Qing2 in the autolytic process Hundreds of genes had opposite expression patterns in the two strains Qing2 and 5-2 in the autolysis process, among which 246 genes were up-regulated (≥ 5-fold) in 5-2 (autolyzes slowly, with good autolysis performance) and down-regulated (≤ 0.2-fold) in Qing2 (lyzes rapidly, with poor autolysis performance; listed in Table S2 ). Once again, these genes were introduced into the MAS software for GO and pathway analysis, and results were shown in Fig. 3a (black bar) and Fig. 3b . The genes were counted 554 times using the GO terms. It could be seen that physiological process, cellular process, metabolism, cell components, and catalytic activity were carried out by 67.33% of the total genes. The ratio of 5-2/Qing2 showed the relative difference in transcription levels of these two strains. The five genes with the highest ratio were DBP2 (ratio = 1442.14), UTP13 (ratio = 1366.71), DHR2 (ratio = 1328.85), RPA49 (ratio = 1239.84), and RRB1 (ratio = 869.15; Table S2 ), which were involved respectively in mRNA gene decay and rRNA gene processing, processing of pre-18S rRNA gene in ribosome biogenesis, rRNA gene synthesis in ribosome biogenesis, RNA polymerase I subunit in rRNA gene synthesis, and rRNA gene synthesis in the early stages of ribosome biogenesis. They were all located in nucleoli and related to rRNA gene synthesis. Using more detailed GO terms (Table S3) , 75 genes of these 246 genes were related to ribosomal subunit biogenesis, 71 genes to rRNA gene processing, 23 genes to ribosome assembly, and eight genes to ribosomal subunit export from nucleus. That was to say, ribosomerelated genes accounted for 31.95% of the total number of genes in this category (counted 554 times). Also, there were clusters of genes related to transcription and translation, DNA and RNA processing, organelle assembly, and substance metabolism.
Genes which increased expression in Qing2 and decreased expression in 5-2 in the autolytic process
Only 18 genes were found up-regulated (≥ 5-fold) in Qing2 (with poor autolysis performance) and down-regulated (≤ 0.2-fold) in 5-2 (with good autolysis performance) in the process of autolysis (listed in Table S2 ).
The results showed a distinct shortfall in number compared with genes which had opposite expression patterns. The five genes with the highest ratio of transcript levels in Qing2/5-2 were SUL1 (ratio = 679.81), CIT3 (ratio = 671.32), ENA5 (ratio = 643.27), IRC15 (ratio = 324.52), and CSM4 (ratio = 244.73), respectively related to anion transport, Krebs cycle, cation transport, chromosome segregation in mitosis, and chromosome segregation during meiosis (Table S2 ). As shown in Fig. 3a (red bar) and Fig. 3c , these 18 genes were counted 72 times, and a large proportion of them were involved in physiological process, cellular process, metabolism, and cell components. Relatively more genes were involved in substance (ion, carbohydrate, amino acid, etc.) transport, and transmembrane transport, and it was the only term in which genes in this category had an advantage over genes increasing expression in 5-2 and decreasing expression in Qing2.
Discussion
Brewer's yeast has a decisive influence on beer fermentation because its metabolites may act as flavor substances in beer. However, yeast autolysis caused by nutritional deficiency, stress, and alcohol may affect beer quality by the release of cell components, which confirms the importance of regulation of yeast autolysis in brewing industry. DNA microarray is a widely used and effective method to compare gene expression between a mutant strain and its parental strain (Haurie et al., 2001; Lascaris et al., 2003 Lascaris et al., , 2004 Hirasawa et al., 2007; Dueñas-S anchez et al., 2012) , which could reveal important changes in global gene expression in a given process or conditions, as well as specific information on the expression of some particular genes. It was reported that differences of experimental conditions and/or specific growth rates for the strains that were compared might generate obvious gene expression differences in the microarray studies (Oud et al., 2012) , so rigorous experimental manipulations must be implemented to obtain precise results. In this study, the yeast strain 5-2 was a mutant of Qing2, whose autolysis rate was about one third of its parent strain (data not shown). Although autolysis occurs frequently in beer brewing, quite a large proportion of autolytic cells are not common in actual production because this would have a disastrous effect on beer quality. Also, data obtained from strains at a quite low stage of autolysis may not give us much information about this process, thus the autolysis stage 15% was chosen. Data of four microarrays gained from these two strains in two different stages of autolysis (0% and 15%) showed similar as well as opposite transcription patterns. Analysis of genes with similar transcription patterns made it possible to obtain information on regulated genes and cell response in the autolytic process, and could reveal some general characteristics of autolysis despite the presence of various strains. On the other hand, analysis of genes with opposite transcription patterns could tell us what behaviors were different in autolysis for strains with different autolysis performance as well as which genes were involved in or responsible for these behaviors. In this study, analysis of genes with similar transcription patterns showed that many down-regulated genes were responsible for energy production and utilization, stress response, catalytic activity, mitochondrion organization and translation, cytoskeleton organization, protein biogenesis and other anabolism. These findings were associated with a low enzyme activity, cell activity and cellular division rate for yeast cells, which agrees with previous reports (Cebollero et al., 2005; Alexandre & Guilloux-Benatier, 2006) . Meanwhile, the up-regulated genes were clustered in cell wall organization and biogenesis, starvation response, responding DNA damage, pseudohyphal growth, and autophagy regulation, reflecting the fact that yeast cells were struggling for recovery and maintenance in the autolytic process. Analysis of genes with the opposite transcription patterns revealed that genes with increased expression in 5-2 and decreased expression in Qing2 in the autolytic process had advantages in both gene number and ratio over genes in the inverse situation (increased expression in Qing2 and decreased expression in 5-2), indicating that the strains with good autolysis performance had a more active metabolic rate and better cell vitality.
Autolysis is a process in which cells gradually lose viability, and energy production and utilization are also disturbed. The results showed that electron transport, the pentose-phosphate pathway, oxidation of fatty acids, glycogen catabolism, trehalose anabolism, and respiration were all affected in the autolytic process because of the down-regulation of gene expression, mirroring the low vitality of yeast cells.
The stress response of yeast cells is believed to be an evolutionary adaptation that allows yeast to respond to adverse environmental conditions and retain cellular fecundity (Gibson et al., 2007) . In this study, 25 genes were found contributing to cell rescue, defense and virulence, of which 12 were down-regulated, and the other 13 up-regulated. These regulated genes showed a strong response to DNA damage, pH and starvation, and a weak response to oxidative stress, salt stress, osmotic stress, chemical stimulus, and heat. Trehalose is a stress protectant and accumulated trehalose in yeast cells is important for the resistance to various stress stimuli (Van Dijck et al., 1995; Conlin & Nelson, 2007; Moon et al., 2012 ). With the low expression level of TPS3, the most important gene in the synthesis of trehalose, trehalose anabolism should be significantly influenced so as to affect the stress-response capability accordingly.
Serving as the last bulwark, cell wall plays a vital role in maintaining cell form and in controlling growth (Inouhe et al., 1997; Palomero et al., 2007) . It was reported that cell wall becomes wrinkled and ridged but can still maintain its integrity after cell death (Hernawan & Fleet, 1995; Martinez-Rodriguez et al., 2001; Cavagna et al., 2010) because the damage to cell wall was partial and small-scale (Xu et al., 2013) . Thus cell wall has its own place in autolysis. In our study, the results showed an enhancement of cell wall organization and biogenesis and a deficiency of cell wall component (mannoprotein and binding protein). The decreasing production of cell wall protein was due to the deficiency of substrates, along with the weak anabolism of other proteins in the yeast cells. Also, to maintain the integrity of cell wall and slow down the autolysis process, cell wall organization and biogenesis proceeded quickly.
CPD1, GND1, TPS3, and YHB1 were found to be involved in both energy production/utilization and stimuliresponse. SSA2, SVS1, and WSC2 were related to both cell wall component and stimuli-response. Besides these seven genes, other genes related to cell wall (DFG5, KNH1, RPI1, AVO1, RLM1, YPS6, and FIT2) were also important in autolysis. Among the above genes, TPS3, WSC2, RLM1, DFG5 and KNH1 were considered to play a crucial role in the autolytic process. TPS3, coding for trehalose 6-phosphate synthase/phosphatase, is involved in stress resistance and thus may make a positive contribution to the mitigation of autolysis. WSC2, the sensor-transducer of the stressactivated PKC1-MPK1 signaling pathway, is involved in maintenance of cell wall integrity and recovery from heat shock. WSC2 contributed significantly to different stresses response (Rodicio et al., 2008) and the growth conditions fitness (Wilk et al., 2010) for yeast cells. During autolysis, the decreased expression of WSC2 gene caused a reduced stress-response and growth-fit trend. RLM1 is also involved in maintenance of cell wall integrity in MAPK signaling pathway, functioning downstream of Mpk1 in the pathway. Deletion of RLM1 enhances resistance to cell wall disruptants (Dodou & Treisman, 1997) . The up-regulation of RLM1 might mount a relatively feeble resistance against cell wall defects in autolysis. DFG5 encodes mannan endo-1,6-alpha-mannosidase (Dfg5p), which is an essential glycosylphosphatidylinositol-anchored membrane protein and is required for normal biosynthesis of the cell wall. Dfg5p also acted as a key molecule in the cell wall biosynthesis pathway (Kitagaki et al., 2002) . KNH1 encodes a protein involved in cell wall b-1,6-glucan synthesis, and provides high protective effect against acid pH resistance (Mira et al., 2009) . Therefore, the up-regulation of DFG5 and KNH1 may be helpful in cell wall remodeling in the autolytic process.
A total of 264 genes had opposite expression patterns in strains Qing2 and 5-2, among which 246 genes were up-regulated in 5-2 and down-regulated in Qing2; this was reversed in the other 18 genes. Besides the number, genes increasing the transcript in 5-2 also had advantages in terms of the ratio of transcript levels. Genes which increased expression in 5-2 and decreased expression in Qing2 were highly concentrated in ribosomal biogenesis, assembly and export, other organelle assembly, RNA processing, expression regulation, and some substance metabolism processes. The above biological processes might have a negative correlation with autolysis. In other words, with the increase of autolysis rate, these processes performed weakly. Genes which increased expression in Qing2 and decreased expression in 5-2 were mainly involved in transport of cell component and transmembrane, chromosome regulation, and physiological process. These small amounts of processes might have a positive correlation with autolysis. Namely, with the increase of autolysis rate, these processes functioned strongly. In all, strains autolyzing slowly had higher metabolic activity and better cell vitality when the autolysis stage was the same as strains autolyzing rapidly, and thus they had better autolysis resistance and performance.
DNA microarray is a powerful tool for the screening of genes whose expressions are altered with environmental changes; it was therefore chosen for our study on gene expression changes of lager brewer's yeast in the process of autolysis. The study was implemented from the transcriptome level, thus yielded vast amounts of information. Important changes in the gene transcript profile were evidenced as an important adaptation process to autolysis.
Results indicated that yeast cells had low cell activity and slow cellular division rate but were struggling very hard for recovery and maintenance in the autolytic process. Also, strains with good autolysis performance had a more active metabolic rate and better cell vitality than strains with poor autolysis performance during the same autolysis stage. Results in this study showed the regulation of genes, specific cellular status, and important adaptive responses of lager brewer's yeast in the autolytic process and may highlight the global overview of autolysis. Simultaneously, some genes and behaviors closely related to autolysis may be concluded from this study and be helpful in the breeding of lager yeasts with good autolysis performance. Table S1 . Genes with similar expression patterns in Qing2 and 5-2 strains in the process of autolysis (fold ≥ 5 or ≤ 0.2). Table S2 . Genes with opposite expression patterns in Qing2 and 5-2 strains in the process of autolysis (fold ≥ 5 or fold ≤ 0.2). Table S3 . Genes which increased expression in 5-2 and decreased expression in Qing2 (fold ≥ 5 or fold ≤ 0.2), gathered according to their ontological group with more than five genes.
